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fS| Abstract. Issues of Ge hut cluster nucleation and growth at low temperatures on the Ge/Si(QQl) wetting layer 
^~~^ are discussed on the basis of explorations performed by high resolution STM and in-situ RHEED. Data of 
'>— ^ HRTEM investigations of Ge/Si heterostructures are presented with the focus on low-temperature formation of 
perfect multilayer films. Exploration of the photovoltaic effect in Si p-i-n-structures with Ge quantum dots 
!^ allowed us to propose a new approach to designing of infrared detectors. First data on THz dynamical 
^^ conductivity of Ge/Si(001) heterostructures in the temperature interval from 5 to 300 K and magnetic fields up 
^Hto 6T are reported. 

04 Introduction 



f^^pResults of our researches of Ge/Si(001) structures aimed at 

O development of CMOS compatible IR detectors have been 

I published in a number of publications [1-4]. This article 

'^ Reports our recent results concerning formation of Ge quan- 

"tntum dot arrays, growth of multilayer structures, their pho- 
G toelectrical properties and dielectric characteristics at THz 

■y frequencies. 

Cl. Formation and defects 
I 

^We demonstrate that huts form via parallel nucleation of 

Qtwo characteristic embryos different only in symmetry and 

O composed by epitaxially oriented Ge dimer pairs and chains 

of four dimers on tops of the wetting layer (WL) M x N 

,— (liatches: an individual embryo for each species of huts — 

^ pyramids or wedges. These nuclei always arise on sufficiently 

^""'Icirge WL patches: there must be enough space for a nu- 

^ _■ cleus on a single patch; a nucleus cannot form on more than 

iy~,one patch. This fact may be explained in assumption of 

• presence of the Ehrlich-Schwoebel barriers on sides of WL 

).-J jJatches which prevent the spread of dimer chains composing 

fvi nuclei from one patch to another; nuclei form on bottoms of 

y—i potential wells of the spatial potential relief associated with 

L|the WL patches. The total patch thickness (from Si/Ge in- 

• interface to the patch top) rather than the mean thickness 

^ of WL controls the hut nucleation process. A growing hut 

3 likely reduces and finally eliminates the potential barrier; 

- - then it occupies adjacent WL patches. 

We suppose also that WL patch top reconstruction de- 
termines the type of a hut which can form on a patch. If 
this is the case, the c(4 x 2) reconstruction of the patch top 
enables the nucleation of a pyramid, whereas the p{2 x 2) 
reconstruction allows a wedge to arise on the patch. Dom- 
ination of one of these reconstruction types may result in 
domination of a certain species of huts. 

Dynamics of the RHEED patterns in the process of Ge 
hut array formation is investigated at low and high tem- 
peratures of Ge deposition. At high temperatures, as /iqc 
increases, diffraction patterns evolve as (2 x 1) ^- (1 x 1) — ;> 
(2x1) with very weak J-reflexes. Brightness of the j-reflexes 
increases (the (2x1) structure becomes pronounced) and the 



3D-reflexes arise only during sample cooling. At low temper- 
atures, the structure changes as (2 x 1) — ;■ (1 x 1) ^ (2 x 1) ^ 
(2x l)+3D-reflexes. Different dynamics of RHEED patterns 
during Ge deposition in different growth modes reflects the 
difference in mobility and 'condensation' fluxes from Ge 2D 
gas of Ge adatoms on the surface, which in turn control 
the nucleation rates and densities of Ge clusters. High Ge 
mobility and low cluster nucleation rate in comparison with 
fluxes to competitive sinks of adatoms determine the ob- 
served difference in the surface structure formation at high 
temperatures as compared with that at low temperatures. 




Fig. 1. HRTEM micrographs of Ge quantum dots in Si; Tgr = 
360°C for Ge and 530°C for Si, ftcc is (a) 6 A, (b) 10 A. 

Data of HRTEM studies evidence that extended defects 
do not arise at low Ge coverages (/igo) on the buried Ge 
clusters (Fig. la) and perfect epitaxial heterostructures with 
quantum dots form under these conditions that enables the 
formation of defectless multilayer structures suitable for de- 
vice applications. Stacking faults (SF) have been found to 
arise on Ge clusters at Hqc as large as 10 A (Fig. lb). Mul- 
tiple SFs often damage multilayer structures at these hce- 

2. Photo-electromotive force 

Heteroepitaxial Si p-i-n-diodes with multilayer stacks of 
Ge/Si(001) quantum dot dense arrays built in intrinsic do- 
mains have been investigated and found to exhibit the pho- 
to-emf in a wide spectral range from 0.8 to 5 /xm. The 
diodes comprised n-Si(lOO) substrate (O.lf^cm), Si buffer 
(1690nm), 4 periods of [Ge (Inm), Si barrier (30 nm)], [Ge 
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Fig. 2. (a) Photo-emf spectra of the p-i-n-structure; (1) with- 
out bias lighting; (2)-(4) under wide-band IR bias lighting (tung- 
sten bulb, Si filter, A > f.f^m): (2) W = CGSmW/cm^; 
(3) W = 5.3mW/cm2; (4) W = fT.SmW/cm^. (b) The depen- 
dence of the p-j-n-structure photo-emf, generated by narrow- 
band illumination in Si fundamental absorption range, on the 
power density of bias lighting; T = 80K. 



(Inm), Si (50 nm)], p-Sr.B cap (212 nm, p -- 10^^ cm"^) An 
effect of wide-band irradiation by IR light on the photo-emf 
spectra has been observed. Photo-emf in different spectral 
ranges has been found to be differently affected by the wide- 
band lighting (Fig. 2a). A significant increase in photo-emf 
is observed in the fundamental absorption range under the 
wide-band IR irradiation (Fig. 2b). The above phenomena 
are explained in terms of positive and neutral charge states 
of the quantum dot layers and the Coulomb potential of the 
quantum dot ensemble which changes under the wide-band 
IR radiation. 

A new design of photovoltaic quantum dot infrared pho- 
todetectors is proposed [5] which enables detection of vari- 
ations of photo-emf produced by the narrow-band radiation 
in the Si fundamental absorption range under the effect of 
the wide-band IR radiation resulted from changes in the 
Coulomb potential of the quantum dot ensemble affecting 
the efficiency of the photovoltaic conversion. The quantum 
dot array resembles a grid of a triode in these detectors 
which is controlled by the detected IR light. The reference 
narrow-band radiation generates a potential between anode 
and cathode of this optically driven quantum dot triode. 
Such detectors can be realized on the basis of any appropri- 
ate semiconductor structures with potential barriers, e.g., 
p-n-junctions or Schottky barriers, and built-in arrays of 
nanostructures . 

3. Terahertz conductivity 

By using a coherent source spectrometer [6], first measure- 
ments of THz dynamical conductivity (or absorptivity) spec- 
tra of Ge/Si(001) heterostructures were performed at fre- 
quencies from 0.3 to 1.2 THz in the temperature interval 
from 300 to 5 K and also in magnetic fields up to 6 T. The 
effective dynamical conductivity of the heterostructures was 
determined by comparing the terahertz transmission coef- 
ficient spectra of the sample with the heterostructure on 
Si substrate with that of the same sample but with the 
heterostructure etched away. The results are exemplified 
by the transmission coefficients spectra shown in Fig. 3a. 
Although rather small, the difference in the amplitudes of 
the interference maxima (due to multiple reflections of the 
monochromatic radiation between the faces of the sample) 
is clearly seen and reliably detected. Processing this kind of 
spectra allowed us to extract the dynamical conductivity of 
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Fig. 3. (a) Transmittance spectra of a 5-layer Ge/Si(001) 
heterostructure (Tgr — 360° C, hcc = 8A) recorded at different 
temperatures; dark and open symbols relate to substrate regions 
with and without the heterostructure; solid and dotted lines show 
spectra obtained at 300 K under magnetic field of 6 T directed 
normal to the surface, without and with the heterostructure, re- 
spectively, (b) Terahertz conductivity and absorption coefficient 
of terahertz radiation in multilayer Ge/Si(001) heterostructures 
vs Ge coverage in each layer; i^ — 1 THz, T = 300 K. 
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Fig. 4. Temperature dependences of THz conductance of the 
Ge/Si(001) heterostructure (1) and the Si substrate (2). 

heterostructures separately and trace its dependence on the 
thickness of the germanium coverage layer; the latter de- 
termines whether this layer organizes itself into an array of 
quantum dots or stays as a uniform layer. As a results, the 
THz dynamical conductivity of Ge quantum dots (Fig. 3b) 
has been discovered to be significantly higher than that of 
the structure with the same amount of bulk germanium (not 
organized in an array of quantum dots). The excess conduc- 
tivity is not observed in the structures with the Ge coverage 
less than 8 A. When a Ge/Si(001) sample is cooled down the 
conductivity decreases (Fig. 4). It is seen from Fig. 3a that 
the samples display positive magnetoresistivity. 
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